A viscoplastic model for permanent deformation prediction of reinforced cold mix asphalt by Shanbara, HK et al.
 
Shanbara, HK, Ruddock, F and Atherton, W




LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research. 
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.
The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 
For more information please contact researchonline@ljmu.ac.uk
http://researchonline.ljmu.ac.uk/
Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 
Shanbara, HK, Ruddock, F and Atherton, W (2018) A viscoplastic model for 
permanent deformation prediction of reinforced cold mix asphalt. 




A viscoplastic model for permanent deformation prediction of 1 
reinforced cold mix asphalt 2 
Hayder Kamil Shanbaraa,c,*, Felicite Ruddockb and William Athertonb 3 
a Department of Civil Engineering, Faculty of Engineering and Technology, Liverpool John Moores University, 4 
Henry Cotton Building, Liverpool L3 2ET, UK 5 
b Department of Civil Engineering, Faculty of Engineering and Technology, Liverpool John Moores University, 6 
Peter Jost Centre, Liverpool L3 3AF, UK 7 
c Civil Engineering Department, College of Engineering, Al Muthanna University, Sammawa, Iraq 8 
*Corresponding author 9 
E-mail address: H.K.Shanbara@2014.ljmu.ac.uk, hayder.shanbara82@gmail.com  10 
Declarations of interest: none 11 
Abstract 12 
A reliable viscoplastic model of natural and synthetic fibres reinforced cold bitumen emulsion 13 
mixture is developed and applied to characterize the rutting behaviour of asphalt pavement by 14 
using finite element analysis. It is indicated that the traffic load parameters such as temperature, 15 
static loading condition and vehicular speed not only affects the rutting depth, it accelerates the 16 
rutting rate, causing the pavement earlier enter into rutting failure with shortened service life. 17 
Several finite element models (FEM) have been developed to simulate the behaviour of hot 18 
mix asphalts (HMAs), but none exists for cold mix asphalt (CMA) reinforced by natural and 19 
synthetic fibres. This research presents the first three dimension (3-D), finite element model 20 
(FEM) to assess the viscoplastic behaviour of reinforced CMA mixtures. The model is also 21 
able to predict rutting (permanent deformation) of asphalt mixtures under different traffic and 22 
environmental loadings, traditional HMA used as a comparison. The enhancement of the 23 
performance of CMA mixtures against permanent deformation using finite element software 24 
(ABAQUS) was validated by comparing the models’ predictions with measurements from 25 
wheel-tracking tests at different temperatures (45°C and 60°C). A very good level of agreement 26 
2 
 
was found between the rutting predicted by the model and the experimental test. The results 27 
show that the finite element model can successfully predict rutting of flexible pavements under 28 
different temperatures and wheel loading conditions. Finally, the natural and synthetic fibres 29 
reinforced CMA mixtures are much more effective at resisting permanent deformation damage 30 
than conventional cold and hot asphalt mixtures.  31 
Keywords: ABAQUS; cold mix asphalt; finite element model; natural fibre; rutting; synthetic 32 
fibre.  33 
1. Introduction 34 
Asphalt or bitumen are widely used in flexible pavements as aggregate binders because of their 35 
high adhesion properties. Flexible pavements are subject to cyclic and sometimes excessive 36 
loads during their service life [1, 2]. Their surface is also temperature sensitive in terms of high 37 
temperature permanent deformation and low temperature cracking [3, 4]. Permanent 38 
deformation (rutting) development is one of the major distresses that frequently occurs in 39 
flexible pavements due to the non-linear, viscous and plastic behaviours of asphalt mixes [5]. 40 
Permanent deformation can be defined as the unrecoverable vertical deformation of pavements 41 
under a vehicle wheel path caused by high temperatures and load repetition. Such deformation 42 
can be limited to the asphalt surface layers comprising the viscoelastic and viscoplastic 43 
properties of asphalt and the plastic characteristics of aggregates  [6].  44 
Hot mix asphalt (HMA) is the main source of flexible pavements used in 95% of the world’s 45 
paved roads [7]. However, this mixture is considered environmentally unfriendly because it 46 
needs substantial amounts of energy to heat the aggregate and asphalt producing CO2 emissions 47 
during both production and laying [8, 9]. Nowadays, several flexible pavement design 48 
technologies have been invented to eliminate, or reduce, emissions and save energy regarding 49 
asphalt paving production [10]. Cold mix asphalt (CMA) is one of these technologies. CMA is 50 
defined as a bituminous mixture of aggregates and asphalt emulsion, mixed at ambient 51 
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temperature which does not require the same amount of energy to produce the same CO2 52 
emissions as HMA [11].  However, it has been considered an inferior mix compared to HMA, 53 
mainly in terms of its mechanical properties, the extended curing period required to achieve an 54 
optimal performance and its weak early life strength [12]. Poor asphalt mix quality and 55 
inadequate design may result in an inefficiently designed layer. 56 
Some strengthening techniques have been trialed in flexible pavements. The reinforcement of 57 
asphalt pavements is one method to improve the performance when pavements do not meet 58 
traffic, climate and pavement structural requirements. Fibre reinforcement improves the life of 59 
a pavement by increasing resistance to permanent deformation and cracking [13]. The addition 60 
of fibres to hot and cold mixes as a reinforcing material, enhances the strength, bonding and 61 
durability of such mixes [14]. The modification of asphalt mixtures with additives has also 62 
been found to decrease permanent deformation and increase durability [15-18]. Modification 63 
of asphalt has gained the attention because of its better performance and considered a more 64 
economical option compared with neat asphalt binder based on life cycle cost [19]. 65 
Flexible pavement responses to traffic loadings are mainly affected by the properties of the 66 
materials [20]. A variety of three-dimensional (3-D), finite element simulations have been 67 
developed to analyse the responses of flexible pavements [21-26]. The strain experienced by 68 
asphalt mixtures under wheel loads has recoverable components (elastic and viscoelastic) and 69 
irrecoverable components (plastic and viscoplastic) [27].  Elastic and viscoelastic responses 70 
are seen at low traffic volume and low temperatures, while plastic and viscoplastic responses 71 
at high traffic volume and high temperatures. Selecting an appropriate constitutive law that 72 
takes into account asphalt mixtures’ creep behaviour and calibration its parameters using creep 73 
testing is important to simulate permanent deformation of flexible pavements by finite element 74 
modelling [6].  Picoux, et al. [28] simulated the distribution of vertical deformation to a flexible 75 
pavement, subjected to different wheel loadings based on viscoelastic deformation theory. 76 
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Dave, et al. [29] developed viscoelastic models to analyse the response of asphalt overlay using 77 
thermomechanical impact under different combinations of loading time and temperature. Kai 78 
and Fang [30] conducted a 3-D, finite element model of asphalt pavements based on the elastic 79 
half-space theory, again examining the effect of load and temperature. Xue, et al. [31] 80 
developed a dynamic model to describe the settlement of the surface of asphalt pavements 81 
under different temperatures. Pérez, et al. [32] simulated a nonlinear, elasto-plastic Mohr-82 
Coulomb numerical model for recycled flexible pavements, to determine the response of these 83 
pavements under two different loads and four types of soil subgrade. Gu, et al. [33] evaluated 84 
the effect of geogrid-reinforced flexible pavements by developing two pairs of geogrid-85 
reinforced and unreinforced pavement models. Finite element modeling revealed that rutting 86 
resistance is better in the geogrid-reinforced pavement in comparison to the unreinforced 87 
pavement. 88 
This research focuses on the evaluation of the response of natural and synthetic fibre reinforced 89 
CMA to permanent deformation, using 3-D finite element modelling and experimental tests.  90 
The main objectives are to identify the most accurate and effective approach to describe fibre 91 
reinforced CMA mixtures using finite element modelling. A 3-D, finite element model is 92 
developed and included attention to viscoplastic material behaviours to precisely predict the 93 
behaviour of natural and synthetic fibres reinforcement on the development of permanent 94 
deformation resistance. Finally, the predicted results from the model are compared with those 95 
measured in the lab to identify and verify the applicability of the developed model.  96 
2. Methodology 97 
Firstly, all produced specimens in this research were designed and prepared according to the 98 
method that adopted by the Asphalt Institute (Marshall Method for Emulsified Asphalt 99 
Aggregate Cold Mixture Design (MS-14)) [34]. After optimizing the emulsion, the length of 100 
the fibres and fibre content were determined. Different laboratory tests were used on the 101 
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reinforced and unreinforced CMA mixtures to calibrate the parameters of creep power law and 102 
to determine the elastic modulus. These tests included the indirect tensile stiffness modulus test 103 
and the creep test. A wheel tracking test was also performed to measure the permanent 104 
deformation of the mixtures.  105 
A 3-D, finite element model was then developed in ABAQUS with the required test properties. 106 
A comparison between measured and predicted results was then carried out to validate the 107 
efficiency of the developed model.  108 
3. Viscoplastic behaviour of flexible pavements  109 
Contemporary flexible pavement designs assume that the pavements’ response to traffic and 110 
environmental stressors is elastic. However, the validity of this assumption is limited to low 111 
temperature climate conditions and under rapidly applied vehicle loadings where the 112 
deformation to asphalt surfaces is not permanent, returning back to its original shape when the 113 
load is removed. At high temperatures, or under slow moving loads, flexible pavements are 114 
subject to the type of plastic deformation, which is associated with viscous behaviour. This is 115 
the main reason for the development of a new model; to simulate the mechanical response of 116 
the new, reinforced, cold mix asphalt and hot mix asphalt. This model is characterized by the 117 
elasticity required to simulate the immediate response of the pavement, viscosity to simulate 118 
the pavements mechanical response dependent on the strain rate in terms of loading time, and 119 
plasticity to simulate plastic flow in terms of permanent deformation.   120 
The viscoplastic deformation of flexible pavements generally depends on the stress level, 121 
loading time, number of cycles and temperature. The constitutive law for flexible pavements 122 
can be stated as [35]:  123 
 𝜀𝑖𝑗 = (𝜎𝑖𝑗, 𝑡, 𝑁, 𝑇) (1) 
where:  124 
εij and σij are the strain and stress components, respectively 125 
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t: time 126 
N: loading cycles number 127 
T: temperature 128 
The creep test is used in this research to characterize the viscoplastic behaviour of both the cold 129 
and hot asphalt mixes. Four different types of strain develop in flexible pavements when a 130 
vehicle moves on the top of them: elastic recoverable strain (εe) which is time independent; 131 
plastic irrecoverable strain (εp) which is time independent; viscoelastic recoverable strain (εve) 132 
which is time dependent, and viscoplastic irrecoverable strain (εvp) which is time dependent [36, 133 
37]. The total strain (εt) can be expressed as [35]: 134 
 𝜀𝑡(𝜎, 𝑡, 𝑁) = 𝜀𝑒(𝜎) + 𝜀𝑝(𝜎, 𝑁) + 𝜀𝑣𝑒(𝜎, 𝑡) + 𝜀𝑣𝑝(𝜎, 𝑡, 𝑁) (2) 
Responses to the above strains can be calculated from the creep test. After applying the load, 135 
an instantaneous asphalt mixture response occurs comprising the elastic (εe) and plastic (εp) 136 
strains of the total strain, as shown in 137 
 138 
Figure 1. The elastic strain (εe) is the instantaneous reduction at the moment of unloading. The 139 
plastic strain (εp) can be calculated by subtracting the elastic strain (εe) from the instantaneous 140 
loading strain (εe + εp). The instantaneous loading strain determined from creep curve (for 141 
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example Figure 1) when the time is zero. From such creep curves, when the time is just passed 142 
zero, the nonlinear part of the curve is started and this point is identified as the cutoff point 143 
between the linear and nonlinear parts of creep curves. Both viscoelastic (εve) and viscoplastic 144 
(εvp) strains are time dependent, occurring and overlapping during the loading time stage (εve + 145 
εvp), as shown in 146 
 147 
Figure 1. Viscoelastic strain (εve) is the delayed response during the unloading stage and can 148 
be determined as the following: 149 
1. The total strain at time 3600s is (εe + εp + εve + εvp) as can be determined from the creep 150 
curve. 151 
2. After the unloading period (3600s) the permanent strain is (εp + εvp) as can be 152 
determined from creep curve when the time is 7200s.  153 
3. After subtracting the permanent strain from the total strain, elastic (εe) and viscoelastic 154 
(εve) can be determined (εe + εve). 155 
4. The instantaneous recovery strain after removing loads (at time 3600s) is the elastic 156 
strain (εe) which can be determined from the creep curve. 157 
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5. By subtracting the elastic strain (εe) from the strain that determined in step (3), the 158 
viscoelastic strain (εve) can be determined. 159 
The viscoplastic strain (εvp) can be determined by subtracting the elastic, plastic and 160 
viscoelastic strains from the total strain as shown below:  161 
 𝜀𝑣𝑝  = 𝜀𝑡 − 𝜀𝑒 − 𝜀𝑝 − 𝜀𝑣𝑒 (3) 
As the determined strains in the above are only for one cycle, that means the permanent 162 
deformation can be determined. After several cycles, the accumulative permanent deformation 163 
can be determined according to how many cycles are applied. 164 
 165 
Figure 1. Elastic, plastic, viscoelastic and viscoplastic strains of CMA at 100 kPa and 45°C 166 
Figure 2 illustrates the plastic and viscoplastic strains in the cold mix asphalt at 45°C. From 167 
this Figure, it can be seen that the cumulative viscoplastic strain curve increases with a constant 168 
steep slope, specifically after 1000 seconds, while the plastic strain curve flattens horizontally 169 
with a constant value, as it is a time independent component. This indicates that the 170 
irrecoverable deformation of asphalt mixtures in the creep test, mainly depends on the 171 
viscoplastic strain component; plastic strain can be considered insignificant if loading occurs 172 




Figure 2. Plastic and viscoplastic strains in the CMA at 100 kPa and 45°C 175 
A viscoplastic model of time-hardening is available in ABAQUS, using the creep power law 176 
to represent the nonlinear behaviour of asphalt mixtures. Equation 4 is expressed in a power 177 
law form and used to define the creep model [39]: 178 
  𝜀𝑣𝑝  = 𝐴𝜎
𝑛𝑡𝑚 (4) 
where A, n and m are the creep power law parameters that relate to the material properties. 179 
These parameters depend on bitumen viscosity, aggregate maximum size and aggregate 180 
angularity [6]. In this research, the values of the parameters for the conventional CMA and 181 
HMA, and the reinforced CMA mixtures were determined according to the results obtained 182 
from the creep test. It should be noted that if the creep power law is used to model the time-183 
related behaviour of materials, repeated and continuous loadings result in the same estimation 184 






















4. Methods and experimental procedures 186 
4.1 Materials 187 
4.1.1 Virgin aggregate 188 
The aggregate used in this research for producing asphalt concrete (AC) was crushed granite, 189 
which was obtained from Bardon Quarry, Leicestershire, UK. This aggregate was graded using 190 
asphalt concrete 14 mm, a close graded surface course in accordance with BS EN 933-1 [40], 191 
as presented in Table 1. Based on this, the selected aggregate is one of the most common 192 
aggregates used in the production of asphalt, considered hard, durable and clean, of a suitable 193 
shape, providing a good level of skid resistance and resistant to permanent deformation. This 194 
grade was selected to ensure an appropriate interlock between the particles in the mixtures. 195 
 196 
4.1.2 Bitumen emulsion 197 
A commercial cationic slow setting bituminous emulsion (C50B3) with 50% bitumen content 198 
was used as a binding agent for manufacturing the CMA mixtures to ensure high adhesion 199 
between aggregate particles. This type of emulsion is called Cold Asphalt Binder (CAB 50) 200 
based on 40/60 penetration grade base bitumen and is supplied by Jobling Purser, Newcastle, 201 
UK. The high stability and high adhesion of this cationic emulsion were the reasons for 202 
selection as recommended by the supplier. The relevant properties of the selected bitumen 203 
emulsion are shown in Table 2. The bitumen emulsion was kept in air-tight sealed containers 204 
stored at room temperature. The bitumen emulsions were stirred well into a homogenous state 205 
before using in producing the CMA mixtures. 206 
Table 1. Selected mix gradation 
Sieve size (mm) 14 10 6.3 2 1 0.063 





4.1.3 Bitumen 208 
A traditional binder, consisting of 100/150 penetration grade bitumen supplied by Jobling 209 
Purser, Newcastle, UK, was used for the conventional HMA mixture production. This grade of 210 
bitumen was selected  because it is commonly used in the UK to manufacture HMA mixtures. 211 
According to the British Standard PD 6691:2010  [41], this grade is the preferred grade for the 212 
production of HMA, having an  AC 14 mm close-graded surface course aggregate gradation. 213 
The properties of the bitumen used in this research are presented in Table 3. 214 
 215 
4.1.4 Water 216 
Tap water was used in this research for all types of CMA mixtures. The water was obtained 217 
from the domestic water supply pipe in the Henry Cotton Building at Liverpool John Moores 218 
University, UK. 219 
Table 2. Properties of C50B3 bitumen emulsion 
Property Value Standard 
Type Cationic  
Appearance Black to dark brown liquid  
Breaking behaviour 110-195 EN 13075-1 
Base bitumen Penetration (0.1 mm)  50 EN 1426 
Softening Point (°C) 50 EN 1427 
Bitumen content, (%) 50 EN 1428  
Viscosity (2mm at 40°C) 15-70 EN 12846 
PH 5  
Boiling point, (°C) 100  
Adhesiveness ≥ 90% EN13614 
Relative density at 15 °C, (g/ml) 1.05  
Particle surface electric charge positive EN 1430 
Density (g/cm³) 1.016  
 
Table 3. Properties of 100/150 bitumen used in the study 
Property Value 
Appearance Black 
Penetration at 25°C (0.1 mm) 141 
Softening Point (°C) 43.5 
Kinematic viscosity at 135°C (mPa.s) 179 




4.1.5 Filler 220 
Conventional limestone dust was used in this research as a natural filler obtained from Francis 221 
Flower Ltd, UK. Limestone filler plays a physical role through filling the pores between 222 
aggregate particles and improving the backing properties. 223 
4.1.6 Fibres 224 
Two different types of fibres were used in this research as reinforcing materials, including 225 
synthetic fibre, which is glass fibre (supplied by the Fibre Technologies International Limited-226 
UK), and natural fibre, which is hemp (supplied by the Wild Fibres-UK). These fibres are 227 
always as single (mono) fibres. The physical properties of these fibres are presented in Table 228 
4. 229 
 230 
4.2 Specimens preparation 231 
The effects of interaction between the asphalt binder and mineral aggregates and the effect of 232 
mixing conditions are considered valuable on the properties of the bituminous mixtures [42]. 233 
CMA specimens were prepared according to the Marshall method for emulsified asphalt 234 
aggregate cold mixture designs (MS-14), as adopted by the Asphalt Institute [34]. According 235 
to this procedure, the optimum pre-wetting water content, optimum total liquid content, 236 
optimum residual bitumen contents and optimum emulsion content, were 3%, 15.4%, 6.2% and 237 
12.4%, respectively. These results are comparable to those published by [12, 43, 44]. The fibres 238 
were added and blended into the mixtures to improve the mechanical properties. To ensure a 239 




Density (kg/m3) 1380 1500 
Tensile strength (MPa) 1600 900 
Diameter (µm) 15-19 17-23 




consistent distribution of the fibres, water and emulsion in the mixtures, the aggregate together 240 
with the fibres and the pre-wetting water were added and mixed for 1 minute using an electric 241 
blender [45]. After that, the bitumen emulsion was added progressively throughout the next 30 242 
seconds of mixing, and the mixing was continued for the next 2 minutes. This process allows 243 
for the best fibre distribution in the mixtures [46]. In addition, the mixed specimens were placed 244 
in the moulds, and then directly compacted with 100 blows (in terms of Marshall specimens 245 
were prepared), 50 on each side of the specimens using standard Marshall Hammer (impact 246 
compactor), or compacted using a steel roller compactor (in terms of bituminous slabs were 247 
prepared).  248 
Fibre reinforcement of bituminous mixtures is deemed a random, direct inclusion of fibres into 249 
the mixture. If the fibres are too long, they might not mix well with other materials because 250 
some of the fibres may lump together creating a clumping or balling problem. On the other 251 
hand, too short fibres might not perform well as a reinforcing material, serving only as an 252 
expensive filler in the mixture. Therefore, it is necessary to optimise fibre’s length and content 253 
to avoid such problems and to ensure the uniformity of fibre distribution in the mixtures. In 254 
this research, in order to find the optimum fibre length and content, fibres of varying lengths 255 
(10, 14 and 20 mm) were used according to literatures reported [47]. These lengths were 256 
selected based on the aggregate maximum size, where, 10 mm is shorter, 20 mm is longer and 257 
14 mm is the same as the aggregate maximum size. Based on the fibre reinforcing HMA and 258 
concrete pavements [13, 45, 47-51], fibre contents of 0.15, 0.25, 0.35, 0.45 and 0.55% of total 259 
aggregate weight for all fibre lengths, were included in the CMA mixtures. Based on the results 260 
of the ITSM test, an optimised fibre length and content were selected and used for the other 261 
experimental tests [52]. 262 
HMA specimens were prepared for comparison purposes according to the British Standard 263 
[41]. 14 mm close graded surface course was used with (100/150) bitumen grade and according 264 
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to the British Standard [41] this grade is the preferred grade for producing HMA with the 14 265 
mm close graded surface course aggregate gradation that been used for producing the CMA 266 
mixtures. 5.1% optimum binder content by weight of aggregate was added according to PD 267 
6691 (European Committee for Standardization, 2010b) for the Asphalt Concrete (AC) 14 mm 268 
close graded surface course. The HMA mixtures were mixed and compacted at temperature of 269 
160-170°C (in accordance with [53], shall not exceed 180°C). 270 
4.3 Testing program and procedures 271 
The testing program was conducted in two phases. In the first phase, fibres were investigated 272 
to establish the optimum fibre length and content. In the second phase, the conventional CMA 273 
(CON) and HMA mixtures, and the optimised fibre-reinforced CMA mixtures with two 274 
different fibres: glass as a synthetic fibre (GLS) and hemp as a natural fibre (HEM), were 275 
researched using different laboratory tests as detailed below. 276 
4.3.1 Indirect tensile stiffness modulus test 277 
The indirect tensile stiffness modulus (ITSM) test is a non-destructive test where cylindrical 278 
samples are positioned vertically, a diametrical load then applied. This test is used in the current 279 
study to determine the stiffness modulus of the bituminous mixtures. Samples are subject to 280 
repeated load pulses, with a rest period, along the vertical diameter of the sample, using two 281 
loading strips 12.5 mm in width. Loading is applied in a half sine wave form, the loading time 282 
is controlled during the test. The rise-time, measured from when the load pulse commences 283 
and the time taken for the applied load to increase from initial contact load to the maximum 284 
value, is 124 ± 4 ms. The peak load value is adjusted to achieve a target peak, a transient 285 
horizontal deformation of 0.005% of the sample diameter. The applied load is measured using 286 
a load cell with an accuracy of 2%, the pulse repetition period 3.0 ± 0.1 s.  287 
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In order to determine the stiffness modulus [8, 11, 12, 44, 54-56], all CMA specimens were 288 
kept in their mould for one day at room temperature (20°C), this representing the first stage of 289 
curing, followed by 14 days of curing which represents the early age of pavement life. During 290 
this period and because of the fibres, the average stiffness values increase significantly due to 291 
reaching a definitive level. This behaviour is due to the bitumen emulsion emitting volatile 292 
components, allowing the CMA mixtures to be cured and reach approximately their final 293 
strength [14]. Adopting a normal curing temperature (room temperature) in this study was 294 
performed to simulate the production, compaction and placing of such mixtures in field 295 
conditions and avoid any premature ageing of the binder [57, 58]. Prior to test, the sample were 296 
conditioned at the test temperature at least 4 hours. The testing temperatures were set as 5°C, 297 
20°C, 45°C and 60°C. This test was carried out in accordance with BS EN 12697-26 [59] using 298 
a Cooper Research Technology HYD 25 testing apparatus. The stiffness modulus was set at 299 
the average value of five tested samples. 300 
4.3.2 Creep test 301 
According to the British Standard [60], this test describes a method for determining the creep 302 
parameters of bituminous mixtures by means of uniaxial static creep test with some 303 
confinement present. Confinement of the sample is necessary to predict realistic rutting 304 
behaviour. In this test, a cylindrical specimen is subjected to a static stress. To achieve a certain 305 
confinement, the diameter of the loading plate is taken smaller than that of the sample. Creep 306 
curve displays of the cumulative strain, expressed in %, of the specimen as a function of the 307 
time of load applications. Generally, the following stages can be distinguished in the creep 308 
curve Figure 3. 309 
 Stage 1: the decelerated creep part of the strain curve, where the strain rate decreases 310 
with increasing loading time. 311 
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 Stage 2: the constant strain rate part of the strain curve, where the strain rate is quasi 312 
constant and with a turning point in the strain curve. 313 
 Stage 3: the accelerated creep part of the strain curve, where the strain rate increases 314 
with increasing loading time. 315 
Depending on the testing conditions and on the mixture properties, one or more stages might 316 
be missing. 317 
 318 
Figure 3. Creep behaviour at constant stress [61] 319 
This test method determines the viscoplastic properties of a cylindrical specimen of bituminous 320 
mixture by loading and unloading condition. A cylindrical test specimen with a diameter of 321 
150 mm were prepared and placed between two plan parallel loading plates. The upper plate 322 
has a diameter of 100 mm. The specimen is subjected to a static pressure. There is no additional 323 
lateral confinement pressure applied. During the test the change in height of the specimen is 324 
measured at specified loading time. From this, the cumulative strain (permanent deformation) 325 
of the test specimen is determined as a function of the loading time. The results are represented 326 
in a creep curve as given in Figure 3. From this, the creep characteristics of the specimen are 327 
computed. Prior the test, the specimens were kept at the test temperature within ±1.0°C from 4 328 
to 7 hours. To evaluate the viscoplastic characteristics of the bituminous mixtures, creep test 329 
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was performed at different testing temperatures (5°C, 20°C, 45°C and 60°C). This test was 330 
carried out under 100 kPa stress in accordance with the BS EN 12697-25 [60]. 331 
4.3.3 Wheel tracking test 332 
Wheel tracking tests were used to measure the rut depth (permanent deformation) of the 333 
bituminous mixtures at two different temperatures, 45°C and 60°C. The selection of these two 334 
temperatures was based on the British Standard PD 6691:2010 [41]. 45°C represents moderate 335 
to heavily stressed sites requiring high rut resistance, while 60°C represents very heavily 336 
stressed sites requiring very high rut resistance. Before conducting the tests, an electric blender 337 
was used to mix the loose components of the bituminous mixtures. These mixtures then 338 
compacted using a steel roller compactor in steel moulds to obtain solid bituminous slabs with 339 
dimensions of 40 cm × 30.5 cm × 5 cm, in length, width and thickness respectively. 340 
After compaction, the slab samples were left in their moulds to cure for 24 hours at lab 341 
temperature before extraction. Following this, to obtain the final strength of the CMA slabs, 342 
the compacted slabs were cured at 40°C for 14 days inside a ventilated oven, then removed and 343 
allowed to cool [11, 12, 43, 55, 56, 62, 63]. It is stated that the wheel tracking test should be 344 
performed at full curing (at the final mixture strength) because of rutting happen normally at 345 
the late ages of the pavements life. In order to prevent the bitumen from ageing, the selected 346 
curing temperature (40°C) is less than the bitumen softening point (50°C) [12, 55, 56]. 347 
However, curing of such mixtures in the site may take from 2 months to 2 years to obtain the 348 
final strength of these mixtures depend on the weather conditions [12, 55, 56].  349 
For the test, a single wheel with a standard vehicle tyre pressure of 0.7 MPa was applied to the 350 
surface of the bituminous slab. The wheel was rolled on the surface of the bituminous slab 351 
covering a distance of 230 mm at a speed of 42 (±1) times/min (16.1 cm/s) along the centre 352 
line of the slab, for 460 minutes (about 20000 wheel load repetitions) under the dry condition. 353 
This test was carried out in accordance with BS EN 12697-22 [64]. 354 
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5. Optimisation of Fibres’ Length and Content 355 
Reinforcement can be defined as incorporating materials which have specific properties, within 356 
other materials that lack said properties. The primary purpose of fibres as a reinforcing material, 357 
is to provide additional tensile and shear strength in the resulting mixtures and then to develop 358 
an appropriate amount of strain resistance during the rutting and fatigue process of the mixture 359 
[65]. Therefore, optimum fibre’s length and content has a major effect on the mixture properties. 360 
To obtain the optimum fibres’ length and content, natural and synthetic fibres were used in 361 
various lengths and contents. The indirect tensile stiffness modulus test was performed in order 362 
to conduct fibres’ optimisation analysis. Five different fibre contents (0.15%, 0.25%, 0.35%, 363 
0.45% and 0.55%) and three different lengths (10 mm, 14 mm and 20 mm) were carried out to 364 
reinforce the CMA mixtures to determine the maximum ITSM.  Figure 4 shows the ITSM of 365 
all reinforced mixtures with different fibres’ length and content. In this Figure, the increase of 366 
the ITSM can be observed with increase of fibres content for all fibres length, and then the 367 
ITSM decreased with increasing fibres content. Here, 0.35% of fibres content shows the 368 
maximum ITSM for all mixtures. The results were in agreement with those found in the 369 
literature for example Chen, et al. [45] and Xu, et al. [66] who recommend that 0.3% - 0.4% 370 
fibres content as a reinforcing material can provide optimum mechanical properties of 371 
bituminous mixtures, based on the results from similar tests. In addition to the fibres content, 372 
fibres length was investigated. Figure 4 summarises the results of indirect tensile stiffness 373 
modulus test to investigate fibres length effect. The results from the graph show that fibres with 374 
14 mm long have the highest ITSM for the all reinforced CMA mixtures tested. This could be 375 
due to the good adherence of the reinforced mixtures with 14 mm fibre length and 0.35% 376 
content to the bitumen [13]. According to Li, et al. [67] and Shanbara, et al. [61], shorter and 377 
longer fibres than the used aggregate maximum size cannot provide well reinforcing for the 378 
bituminous mixtures. Short fibres perform as an expensive filler, while lone fibres tend to lump 379 
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together leading to cause balling during the mixing process. This is in agreement with other 380 
studies for instance, work by Jeon, et al. [50]. The appropriate fibres length and content provide 381 
best placement and distribution into the bituminous mixtures resulting improved interlock 382 
between the mixture and fibres [68]. 383 
 384 
Figure 4. Fibre optimization at 20°C after 2 days 385 
6. Characteristics of the Finite Element Method 386 
The use of the Finite Element Method (FEM) to simulate flexible pavements is currently on 387 
the increase because of the nonlinear correlation between stresses and different strain types [3]. 388 
Although, 2-D models are acceptable when calculating permanent deformation of flexible 389 
pavements, 3-D models are employed to determine more precise and realistic pavement 390 
responses [6].  Therefore, in this research, a three-dimensional, finite element analysis of 391 
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mechanical properties of the reinforced and unreinforced CMA mixtures. The FEM gives 393 
numerical estimations to problems which are too complicated to solve analytically. The 394 
problems considered in this model are response to a repeated applied moving load and the 395 
viscoplastic material properties of the bituminous mixtures.  396 
The analytic model has a bituminous layer of 400 mm length, 305 mm width and 50 mm 397 
thickness, as illustrated in Figure 5. These dimensions were chosen to concur with the wheel 398 
tracking test samples which were simulated in this study. During the problem-solving process, 399 
displacements of the base layer were restrained in all directions and the layer edges were 400 
subject to horizontal restraints. In FEM technique, the body is divided into many small, discrete, 401 
finite elements that are solved simultaneously. Simple 3-dimensional, 8-node, linear brick 402 
reduced integration elements (C3D8R) were used for all simulations. These finite elements are 403 
joined to each other by shared nodes, the combination of nodes and elements forming a mesh. 404 
The density of the mesh is dependent on the number of elements used in a particular mesh. The 405 
mesh size under the loading area and subject to intense stress and strain, was small (1.5 mm),  406 
gradually increasing horizontally to ensure accurate results [69, 70]. Figure 6 shows the finite 407 
elements mesh for the model and load distribution on the pavement surface.  408 
 409 




Figure 6. Mesh of the finite element model 412 
In this research, viscoplastic models were developed for the bituminous layers (CMA) 413 
containing natural or synthetic fibres as a reinforcing material, and conventional CMA and 414 
HMA since the main aim of this research was to qualitatively compare the rutting resistance of 415 
different CMA mixtures. Such fibres (glass and hemp) provide random, three-dimensional 416 
reinforcement, which improves the tensile and shear strength of the asphalt layer. Four different 417 
types of cold and hot mix asphalt mixtures were used in this study: conventional cold (CON) 418 
and hot (HMA) mixtures, and reinforced CMA mixtures with glass (GLS) and hemp (HEM). 419 
The main variations in the mixtures were the elastic modulus, and creep parameters. It is 420 
acknowledged that temperature is an important factor that affects the rutting resistance of all 421 
mixtures. With that in mind, the elastic modulus and creep of different mixtures, corresponding 422 
to different temperatures, were obtained from the experimental results and a constant Poisson 423 
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ratio of 0.35 was assumed. All the flexible pavement material properties for the FEM 424 
calculation are presented in Table 5, after 14 days curing for the CMA mixtures.  425 
 426 
The creep power law parameters are based on the equation 4, which represents the unloading 427 
part of creep test. By fitting the unloading part of the creep curve using Microsoft Excel, the 428 
creep power law parameters (A, n and m) are determined. Then these can be used to property 429 
the material in ABAQUS. Figure 7 shows an example of fitting the CON creep curve at 20°C. 430 





A n m E (MPa) 
CON 60 1.01 × 10-3 1.721 -0.0058 35 
 45 1.00 × 10-3 1.648 -0.0011 100 
 20 1.91 × 10-3 1.494 -0.0072 464 
 5 9.46 × 10-4 1.602 -0.0139 581 
HMA 60 9.76 × 10-4 1.756 -0.0093 550 
 45 8.19 × 10-4 1.758 -0.0123 835 
 20 6.97 × 10-4 1.747 -0.0149 1420 
 5 5.33 × 10-4 1.737 -0.0163 4138 
GLS 60 6.38 × 10-4 1.716 -0.0096 604 
 45 5.06 × 10-4 1.721 -0.0137 789 
 20 3.23 × 10-4 1.737 -0.0224 1152 
 5 2.17 × 10-4 1.736 -0.0195 2267 
HEM 60 6.81 × 10-4 1.640 -0.0127 529 
 45 5.74 × 10-4 1.652 -0.0147 713 
 20 4.11 × 10-4 1.668 -0.0152 1100 





Figure 7. Fitting creep curve of CON at 20°C 432 
A vertical, uniform tyre pressure of 700 kPa was applied as a moving load on the pavement 433 
surface having a rectangular loading footprint of 5 cm in length and 3 cm in width, to meet the 434 
wheel tracking test requirements. The applied wheel load transfers to the bituminous surface 435 
layer through the contact pressure between the tyre and pavement surface. This contact pressure 436 
is equal to the pressure from a tyre on a road surface [71], simplified as a rectangular, uniformly 437 
distributed, surface load [72, 73]. The moving wheel load zone (Figure 8a) is divided into 438 
several small rectangles which have the same width as the tyre footprint (5 cm) and are one-439 
third its length (1 cm). The wheel load occupies three rectangular areas as shown in Figure 8a.  440 
 441 
Figure 8. Moving load zone and loading amplitude 442 
























When the load gradually moves backwards and forwards, a series of load application steps are 443 
performed. At the end of each load application step, the whole load moves forward to a small 444 
rectangular area, for example, at the end of the first load application step, the load occupying 445 
areas 2, 3 and 4. In order to avoid any impact, load applications on area 4, increase gradually 446 
to reach the maximum (700 kPa), at the same time decreasing gradually in area 1, as shown in 447 
Figure 8b. Tyre pressure is applied repeatedly on the pavement surface, over a large number of 448 
cycles (1.43 s of each cycle), during which the load is applied to each element for 0.18 s to 449 
simulate a vehicle speed of approximately 0.6 km/h. The load is then removed as shown in 450 
Figure 8b.  451 
7. Validation of the Finite Element Method 452 
In order to validate the finite element model, a validation process was carried out by comparing 453 
the experimental results with the finite element modelling output data. A similar set of 454 
experiments had been conducted using wheel tracking tests to compare actual rutting 455 
(permanent deformation) with the rutting values obtained from the model. The experimental 456 
setup comprised an asphalt mix slab with dimensions 5 cm thick, 30.5 cm wide and 40 cm long, 457 
over a fixed rigid steel plate. Initially, the slabs were kept in the oven for 14 days at 40°C after 458 
compaction, in order to reach the final curing condition stage [11]. During the test, the slabs 459 
were subjected to a moving tyre pressure of 700 kPa. The total traveling distance of the tyre on 460 
the slab is 23 cm at a speed of 0.6 km/h. Four types of cold and hot asphalt mixtures were 461 
prepared to make the slabs. Each type was then wheel track tested at two different temperatures; 462 
45°C and 60°C. The wheel tracking tests were carried out to measure the rut depth on the 463 
asphalt pavement surface, along and under the wheel path, after 20000 cycles (28600 s). The 464 
rutting value was set at the average value of three tested samples. 465 
A very slight modification to the model was required to simulate the moving load as it needs 466 
to use a repeated moving surface load. The slight modification is, the repeated moving load in 467 
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the model was simulated as a surface repeated moving load, while in the wheel tracking test is 468 
an actual wheel. All other modelling features remained the same, including loading and 469 
unloading time, wheel speed, the total number of load repetitions, boundary conditions and 470 
temperature. The total number of load cycles applied on the pavement surface was deemed to 471 
be sufficient to distort these pavements. The vertical strain results (rut depth) and the 472 
deformation shapes produced on the surface of the asphalt pavement samples using this model, 473 
were compared with the pavement strain results which were performed using the wheel 474 
tracking test as shown in the Figure 9. Different rut depth measurements were obtained for the 475 
HMA and CMA mixtures, at 45°C and 60°C, from the finite element model, to be compared 476 
with the experimental data, Figure 10 and 11 presenting these comparisons. It can clearly be 477 
seen that there is good agreement on rut depth measurements between the model and the test. 478 
The predicted rutting matches well with the measured ruts, even though some variations were 479 
observed (between the predicted and measured rutting) between mixture types and temperature. 480 
This vibration between the predicted and measured rutting is because of the model assumes 481 
that the material properties are uniform and homogenous, whilst in reality the mixtures include 482 
some voids and different aggregate interlocks. Also, in reality, the temperature and viscosity 483 
of the mixtures can not be distributed equally for the whole mixture and this can not be 484 
modelled because of the difficulty of setting different temperatures and viscosities for each 485 
particles of the mixture.  486 
It can be also observed from Figure 12 that the transverse rut profile of the experimental results 487 
follows the same trend as the slabs that were simulated in the model. Qualitative comparisons 488 
of the measured and calculated CMA and HMA responses prove that the finite element model 489 









Figure 10. Measured vs. predicted rutting at 45°C 495 
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Figure 12. Measured vs. predicted transverse rut profile 499 
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8. Parametric study based on the FE model 500 
The validated numerical models presented in Section 7 were used to carry out parametric 501 
studies in order to investigate the influence of other parameters on the rutting behaviour of the 502 
reinforced and unreinforced CMA mixtures under different loadings and environmental 503 
conditions, which were not covered. 504 
8.1 Temperature attributes 505 
To examine the effect of the temperature on the rutting response of the reinforced and 506 
unreinforced CMA mixtures using natural and synthetic fibres, two different temperatures were 507 
adopted as a moderate to low temperature, i.e. 20°C and 5°C. At low temperatures (about 0°C), 508 
rutting resistance increases due to the developed stiffness of the bituminous mixtures in such 509 
temperature [67]. Figure 13 and 14 show the rutting variation of the reinforced CMA and 510 
conventional CMA and HMA mixtures at different temperatures (20°C and 5°C). As expected 511 
from the numerical model, lower rutting of the bituminous mixtures at low temperatures can 512 
be observed. Therefore, Flexible pavement design procedures and analysis should consider the 513 











Figure 14. Predicted rutting at 20°C 518 
8.2 Static loading attributes 519 
Rutting of reinforced and unreinforced CMA and HMA mixtures, after 20000 repeated applied 520 
moving loads (about 28600 s), were illustrated in Section 7. The rutting of the equivalent static 521 
loading condition (20000 s loading) of the same numerical model at four different temperatures 522 
is also demonstrated in Figure 15-18 This loading condition was applied resulting permanent 523 







CMA and HMA mixtures have the highest rut depth, while the reinforced CMA mixtures with 525 
glass fibre have the shallowest rutting. This is in agreement with Zhi, et al. [74] who reported 526 
that the static loading condition is more damaging to the flexible pavements structure than 527 
moving loads condition. Because there is no rest interval in the static loading condition to allow 528 
bituminous mixtures recover after releasing loads, rutting was greater than that was found in 529 
the moving loading condition [61]. 530 
 531 



















Figure 18. Predicted rutting for static loading at 60°C 538 
8.3 Repeated applied wheel load speed attributes 539 
The influence of the traffic load speeds was performed using the validated numerical model on 540 
all cold and hot mixtures with different speeds (5 km/h, 30 km/h and 60 km/h), as shown in 541 
Figure 19. At 5 km/h, the cumulative rutting on the bituminous surface layer is significant more 542 







The loading time for each repeated wheel pass on each element on the pavement surface, is 545 
depending on the moving loads speed. It was 0.0216 s at 5 km/h, 0.0036 s at 30 km/h and 546 
0.0018 s at 60 km/h. 547 
 548 
Figure 19. Maximum rut depth for different repeated wheel load speeds after 20000 cycles 549 
8.4 Stress distribution 550 
The validated model in the previous section was used to study the rutting behaviour of the 551 
bituminous mixtures in terms of temperature, static loading condition and repeated applied 552 
wheel load speed which cannot be obtained from the experimental results. In addition, the 553 
model was also used to explain different rutting depth during the repeated moving wheel load 554 
on different types of bituminous mixtures. The rutting depth of the reinforced CMA mixtures 555 
decreased in comparison to the conventional CMA and HMA mixtures. This reduction is due 556 
to the decrease of the pavement stresses at the area underneath the repeated moving load. Figure 557 
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load at 5°C and 20°C, if excessive will cause rutting. These Figures show that the maximum 559 
stress naturally occurs on the top of the layer under the middle of the wheel path, which might 560 
be the main cause of rutting. Stress distribution in the reinforced mixtures is considerably less 561 
than stress occurring in the conventional mixtures especially under the moving wheel load.  562 
 563 








Figure 21. Stress distribution at 20°C 567 
9. Conclusion 568 
In this research, a series of laboratory tests were conducted to characterise permanent 569 
deformation characteristics of reinforced CMA mixtures using hemp and glass fibers and also 570 
conventional CMA and HMA mixtures. The creep behaviour of such mixtures were 571 





to simulate a laboratory wheel tracking test. Different types of comparison between the 573 
predicted results by the model and those measured using the wheel tracking test were conducted 574 
to validate the model. The validated model was finally employed to analyse the influences of 575 
different parameters on rutting behaviour that could not be obtained using the laboratory test. 576 
The effects of natural and synthetic fibres on these parameters were also considered. The 577 
following conclusions were obtained: 578 
 The two reinforced CMA mixtures and the conventional CMA and HMA mixtures 579 
exhibited different rutting behaviours under moving and static loading conditions. Their 580 
recoverable and irrecoverable deformation trends were well described by the numerical 581 
viscoplastic model. 582 
 The addition of hemp and glass fibres to the CMA mixtures as a reinforcing material was 583 
found to increase the permanent deformation resistance of such mixtures. 584 
 The results showed the ability of the developed numerical models to predict rutting 585 
behaviour under different loading and environment conditions. 586 
 Low and moderate pavement temperatures can effectively improve the resistance to 587 
rutting. 588 
 Besides, a comparison between rutting behaviour models under both static and moving 589 
loading conditions revealed that the static loading condition exhibits higher rutting than 590 
the moving one for all temperatures. 591 
 Effect of low moving load speed on the surface of the road pavements increases rutting 592 
effectively, whilst increases rutting slightly at high speeds. 593 
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